The mature virion of the alphaherpesvirus pseudorabies virus (PrV) contains a minimum of 31 structural proteins which are recruited into the virus particle by a network of protein-protein interactions which is only incompletely understood. We show here that deletion of the tegument protein pUL21 resulted in a drastic decrease in the incorporation of the pUL46, pUL49, and pUS3 tegument components into mature virions. Moreover, the attenuated PrV strain Bartha (PrV-Ba) which among other defects carries mutations in pUL21 also fails to package pUL46, pUL49 and pUS3 efficiently. By reconstitution of wild-type pUL21 expression to PrV-Ba and transfer of mutated PrV-Ba pUL21 into wild-type PrV we demonstrate that this phenotype is due to the mutated pUL21. Alphaherpes virions contain in excess of thirty structural proteins which form the nucleocapsid, the tegument and constituents of the viral envelope. The tegument which links viral envelope and nucleocapsid is the least understood structure of the herpes virion. It consists of numerous viral and several cellular proteins which are recruited into the virus particle by a network of protein-protein interactions which is only incompletely understood (22, 23) . Generally, the importance of viral proteins on virus replication has been analyzed by mutating single viral gene products and ascribing the observed phenotypes directly to the mutated protein. However, both, functional redundancy which precludes a direct correlation of a phenotype to absence of one viral protein (2, 6, 15) , and 'trans'-effects of mutations in a specific protein on other viral components have been observed (4, 25). Thus, the assignment of a particular phenotype to a specific mutation requires an in-depth analysis of possible effects on other viral or cellular factors.
Alphaherpes virions contain in excess of thirty structural proteins which form the nucleocapsid, the tegument and constituents of the viral envelope. The tegument which links viral envelope and nucleocapsid is the least understood structure of the herpes virion. It consists of numerous viral and several cellular proteins which are recruited into the virus particle by a network of protein-protein interactions which is only incompletely understood (22, 23) . Generally, the importance of viral proteins on virus replication has been analyzed by mutating single viral gene products and ascribing the observed phenotypes directly to the mutated protein. However, both, functional redundancy which precludes a direct correlation of a phenotype to absence of one viral protein (2, 6, 15) , and 'trans'-effects of mutations in a specific protein on other viral components have been observed (4, 25) . Thus, the assignment of a particular phenotype to a specific mutation requires an in-depth analysis of possible effects on other viral or cellular factors.
The pUL21 protein of the alphaherpesvirus pseudorabies virus (PrV) has been described as a capsid-associated protein involved in capsid maturation during cleavage and encapsidation of the viral genome (3, 33) . However, a UL21 mutant of PrV is only slightly impaired in replication in cell culture (13, 14) and in a murine intransal infection model (12) , but strongly attenuated in PrV's natural host, the pig (13) . This indicates that pUL21 is important for PrV replication in vivo. Although little is known about pUL21 function, interestingly the live attenuated PrV strain Bartha (PrV-Ba;1), besides containing a large deletion in the unique short (Us) region eliminating the genes for glycoprotein I (gI; pUS7), gE (pUS8), pUS9 and pUS2 (17, 24, 29) , contains point mutations in signal sequence of gC (30), in gM (5), in pUS3 (20) and in pUL21 (13) . Marker rescue experiments showed that the deleted genes as well as UL21 are important for attenuation since their repair with the corresponding genes from PrVKa also restored to PrV-Ba the virulent phenotype of PrV-Ka (13, 17, 18) . However, the molecular basis for this phenotype and which role pUL21 plays in PrV replication is still unclear.
Lyman and colleagues demonstrated by Western blot analysis of purified virions that PrV-Ba fails to package the tegument proteins pUS3 and pUL49 (VP22) (20) . However, this has been challenged by Granzow et al. (9) who detected pUS3 and pUL49 in highly purified PrV-Ba virion preparations. Restoration of the large deletion in the Us region by the corresponding gene from the PrV strain Becker (PrV-Be) did not restore pUS3 packaging into virions (20) , and restoration of gE expression did not restore pUL49 incorporation despite the known
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at Penn State Univ on February 12, 2008 jvi.asm.org Downloaded from interaction between the two (7). Thus, discrepancy still exists about the question whether PrVBa is indeed unable to package pUS3 and pUL49, and, if so, which Bartha component is responsible for this phenotype.
We recently adapted a highly quantitative method for the analysis of proteins in purified herpes virions (25). The original procedure has been designated as 'stable isotope labelling with amino acids in cell culture' (abbreviated 'SILAC'; 27). Here, samples to be compared were differentially labelled metabolically with either unmodified leucine or leucine carrying three atoms of the stable heavy hydrogen isotope deuterium. After gel electrophoresis and mass spectrometry, the ratio of each protein in the virus particle was determined with high accuracy using the constant amount of 960 copies per capsid of the pUL19 major capsid Quantitative evaluation of the spectra was carried out using a self-developed software. Mass lists were screened for peak pairs representing leucine containing specific peptides of the
at Penn State Univ on February 12, 2008 jvi.asm.org Downloaded from respective protein in the conventional and the mass tagged variant, and an average intensity ratio reflecting the relative amounts of protein originating from PrV-Ka, PrV-Ba or the recombinant viruses was calculated from all qualified peaks of the spectrum. Intensity ratios of the tegument proteins were normalized to the intensity ratios of the major capsid protein (MCP) which is present in every intact virus particle in the capsid in 960 copies (32) to correct for any variations in protein input (25).
Deletion of UL21 from PrV-Ka resulted in a decrease in the incorporation of the pUL46, pUL49, and pUS3 proteins into virions (Fig. 2) by 80-90%. A similar reduction in incorporation of these proteins compared to PrV-Ka was observed for PrV-Ba, indicating that PrV-Ba still packages pUL46, pUL49 and pUS3, but at strikingly lower levels. Thus, the differences observed in the assessment whether PrV-Ba packages pUS3 and pUL49 or not (9, 20) can be explained by the nonquantitative nature of the immunoblot analysis and differences in the sensitivity of the immunological reagents used. Restoration of expression of gI, gE, pUS9 and pUS2 in PrV-Ba43/25a did not correct the pUS3 incorporation defect (Fig.   2 ), which is in line with previous experiments (20) , but increased incorporation of pUL46 and pUL49. The latter may be due to the interaction of gE with pUL49 (7). Interestingly, incorporation of pUL46, pUL49 and pUS3 was restored to nearly wild-type levels when, in addition to the repair of the U S -deletion, an intact wild-type UL21 gene derived from PrV-Ka was present in the PrV-Ba genome. Thus, in an PrV-Ba background, PrV-Ka pUL21 aids in the incorporation of pUL46 and pUL49, and is required for efficient virion localization of pUS3. This is further corroborated after transfer of the mutated UL21 gene of PrV-Ba into PrV-Ka. In PrV-UL21(Ba), pUS3 incorporation is decreased by more than 70% and that of pUL49 by ca. 60%, whereas incorporation of pUL46 was only slightly affected. To allow a direct comparison of the obtained spectra, examples of relevant regions of the peptide mass fingerprints are compiled in Fig. 3 . In all virus preparations, the amount of the capsid protein pUL18, and the capsid-associated pUL25 did not differ significantly from wild-type PrV-Ka as indicated by their values around 1. The same was observed for the inner tegument protein pUL36, and tegument proteins pUL16 and pUL21 (Fig. 2) . PrV-Ka pUL21 has been shown to form a complex with pUL16 (14) , which, in turn, may interact with pUL11 (19) . Complex formation with pUL16 has also been observed for the PrV-Ba pUL21 (data not shown), so that the mutations apparently do not interfere with interaction between pUL16 and pUL21.
Intracellular levels of these proteins did not differ significantly between the different virus
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In summary, we demonstrate that PrV pUL21 is a virion component which is necessary for the efficient incorporation of pUL46, pUL49 and pUS3 into mature PrV virions. The serine/threonine kinase pUS3 and the major tegument protein pUL49 are not packaged efficiently into virions in the absence of pUL21, or in the presence of mutated PrV-Ba pUL21 which indicates that the point mutations in pUL21 of PrV-Ba interfere with incorporation of pUS3 and pUL49 but not pUL46. Thus, different domains of the protein may be important for this differential trans effect of pUL21 on virion localization of these PrV tegument proteins.
It has been described that absence of pUS3 results in inefficient virion localization of pUL46 in HSV-2 (21) and PrV-Ka (25). Thus, the defects observed in pUL46 incorporation in PrV-∆UL21, PrV-Ba or PrV-Ba43/25a may be an indirect effect of the deficient pUS3 incorporation. However, PrV-UL21(Ba) packages nearly wild-type amounts of pUL46 while incorporation of pUS3 is strikingly decreased indicating that there is no direct interaction between the two.
Our data demonstrate another, hitherto unknown direct or indirect interaction between herpesvirus tegument proteins yielding an additional piece for the herpesvirus assembly puzzle (22) . pUL21 is a virion protein conserved throughout the Herpesviridae, whereas pUS3, pUL46 and pUL49 are found only in the alphaherpesviruses. Thus, it is conceivable that pUL21 of beta-and gammaherpesviruses interacts with other, nonconserved tegument proteins during virion morphogenesis. Quantitation of virion components by SILAC and mass spectrometry should help to analyze whether this is indeed the case.
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